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Wednesday, March 9, 2011 571aphosphorylation by CaMKII bound to the C-terminal domain Cav2.1 channel.
Synapsin phosphorylation at Ser603 by CaMKII leads to formation of stable
higher order oligomers. Our studies reveal a signaling complex of Cav2.1/
CaMKII at the C-terminal domain of the Cav2.1 channel. Association of
CaMKII with this signaling complex generates rapid response to calcium entry,
recruitment of protein components, and phosphorylation of nearby proteins.
Hence, kinase couples calcium influx to the downstream pathways for rapid,
localized signal transduction and regulation.
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Targeting of Protein Phosphatases PP2A and PP2B to the C Terminus of
L-Type Calcium Channel CaV1.2
Hui Xu, Kenneth Ginsburg, Duane Hall, Maike Zimmermann,
Mingxu Zhang, Samvit Tandan, Joseph Hill, Mary Horne, Donald M. Bers,
Johannes Hell.
The L-type Ca2þ channel CaV1.2 lies within a macromolecular complex includ-
ing b2- adrenergic receptor, trimeric GS protein, adenylyl cyclase, and cAMP-
dependent protein kinase (PKA). This complex mediates highly spatially and
temporally regulated signaling, both acute (cardiac excitation contraction cou-
pling, synaptic transmission, neurosecretion) and long-term (gene expression).
Protein phosphatases PP2A (PPP2CA) and PP2B (PPP3CA; calcineurin) are
also constitutive complex members. Acutely, either phosphatase counteracts
PKA-dependent increase in Ca current by PKA. We here report that PP2A
binds independently to two separate specific regions in the C-terminus of the
central pore-forming a1 subunit of CaV1.2: one region spans residues 1795-
1818 and the other residues 1965-1971. PP2B binds independently to a distinct
region immediately downstream of residue 1971. To determine the binding re-
gions for these phosphatases we assayed their ability to bind a1 C-terminal
fragments with appropriate subregions cleaved. Further, we assayed a pallette
of small peptides and identified those able to compete with PP2A and PP2B
binding in pull-down assays. With these interfering peptides, we investigated
PP2A and PP2B function, assayed by recording ICa(L) in acutely isolated rabbit
cardiomyocytes. Using whole-cell b-escin perforated patch, which allowed
pipette introduction of peptides while limiting rundown, we found that the
PP2B competing peptide increased both basal and isoproterenol-stimulated
ICa(L), while a PP2A competing peptide had no effect vs a control peptide or
no peptide. Together, the biochemical and electrophysiological results suggest
that while PP2A and PP2B are anchored at their respective binding sites on car-
diac CaV1.2 a1 and negatively regulate ICa(L) (in this case by counterbalancing
PKA-mediated phosphorylation), a fine dynamic balance between phosphory-
lation and dephosphorylation responses exists. This would be important to
the ability of ICa(L) flux to efficiently regulate end effects.
3095-Pos Board B200
Departure of Calmodulin from the IQ Domain of CaV1.3 Channels During
Calcium-Dependent Inactivation
Hojjat Bazzazi, Manu Ben Johnny, David T. Yue.
Studies of calmodulin (CaM) regulation of CaV channels have long focused on
an IQ domain in the carboxy-terminus of channels. Strong evidence indicates
that Ca2þ-free CaM (apoCaM) preassociates with the IQ domain before Ca2þ
entry through channels (e.g., Liu et alNature 463:968), and that Ca2þ/CaM has
the potential to bind the IQ. Hence, Ca2þ-dependent inactivation (CDI) of
channels has been proposed to result from Ca2þ-dependent conformational
changes of CaM, all while bound to the IQ. Yet, analysis of Ca2þ/CaM com-
plexed with the IQ domain of CaV2.1 (Structure 16:607) hints that Ca
2þ/CaM
departs from the IQ domain during channel regulation. To generalize this hy-
pothesis, we here alanine scanned the entire IQ domain of CaV1.3, a prototype
channel homologous to long-studied CaV1.2. Surprisingly, CDI was strongly
diminished at only three residues: the signature isoleucine (I[0]), an alanine
situated four residues upstream (A[-4]), and a downstream phenylalanine
(F[4]). How do these mutations decrease CDI? If CDI were suppressed by in-
hibiting Ca2þ/CaM binding to an IQ effector site, then Ca2þ/CaM binding to
this domain should exhibit commensurate disruption. However, FRET two-
hybrid assays indicated no such decrease in binding. Alternatively, mutations
could attenuate CDI by inhibiting apoCaM preassociation with the channel.
Indeed, binding assays revealed strong mutational effects on apoCaM interac-
tion with the IQ domain, consistent with the observed CDI deficits. Indeed,
overexpression of wild-type CaM largely restored CDI of mutant channels, fit-
ting with recovery of apoCaM preassociation via mass action. Thus, while the
IQ domain appears to be important as a preassociation locus for apoCaM, CDI
is likely triggered by the departure of Ca2þ/CaM to interact with effector sites
elsewhere on the channel (Ben Johny, Yang, and Yue, this meeting). This de-
parture would fundamentally transform our understanding of CaM/channel
regulation.3096-Pos Board B201
An Improved Model of Voltage- and Ca-Dependent Inactivation of the
L-Type Ca Channels
Stefano Morotti, Eleonora Grandi, Aurora Summa, Kenneth Ginsburg,
Stefano Severi, Donald M. Bers.
The L-type Ca2þ current (ICa) contributes to the action potential plateau and
initiates excitation-contraction coupling in cardiac myocytes. Here we present
a kinetic model of L-type Ca2þ channels (LTCCs), based on the Mahajan et al.
7-state Markov model, incorporated into the Shannon et al. model of the rabbit
ventricular myocyte, which includes a subcellular restricted space where Ca2þ-
induced Ca2þ release occurs. LTCC inactivation is both voltage- and Ca2þ-
dependent (VDI and CDI), the latter being due to Ca2þ binding to calmodulin
that is pre-bound to the LTCC. To discriminate between these mechanisms,
existing experimental data from our group and others were used. First, we im-
plemented a model for IBa accounting for both divalent cation- and V-DI. This
was based on the evidence that complete substitution of Ba2þ for Ca2þ reduces,
but does not abolish, ion-dependent inactivation. The model was constrained to
recapitulate a wide set of experimental data including steady-state and kinetics
of activation, inactivation and recovery from inactivation. Next, we tuned the
model, by adjusting the ion-dependent transitions rates only, to reproduce ex-
perimental ICa measured when sarcoplasmic reticulum (SR) Ca
2þ release is
abolished (by exogenous buffers or SR Ca2þ depletion) or during physiological
Ca2þ transients (when SR Ca release amplifies Ca2þ influx). Finally, we vali-
dated the ICa model against action potential clamp data obtained with and with-
out Ca2þ transients. Our model provides an important tool to dissect relative
contributions of different Ca2þ sources (SR vs. LTCCs) to total CDI, and the
relative roles of CDI and VDI in normal function and pathophysiology (e.g.,
to analyze ICa kinetics during normal and diseased action potentials and its con-
tribution to arrhythmogenesis).
3097-Pos Board B202
RyR(R4496C) Mutant Mice Model Reveals a New Paradigm on Local
Ca2D Control of ICaL
Maria Fernandez-Velasco, Gema Ruiz-Hurtado, Angelica Rueda,
Patricia Neco, Carlo Napolitano, Silvia G. Priori, Sylvain Richard,
Ana M. Gomez, Jean-Pierre Benitah.
The Ca2þ-dependent inactivation (CDI) of the widely distributed L-type Ca2þ
channels is a major intrinsic feedback mechanism for Ca2þ homeostasis. CDI
manifests by the time-dependent current decay during prolonged depolarization
but also the voltage-dependent availability of Ca2þ channel during double-
pulse protocols. Whereas the first one has received most of the attention cumu-
lating with the identification of calmodulin (CaM) as an important Ca2þ sensor
that mediates CDI, the latter has not received extensive investigation. Here we
evidence that Ca2þ sparks control L-type Ca2þ current (ICaL) availability in car-
diomyocytes and consequently the steady-state window current. Comparing
RyRR4496C catecholaminergic polymorphic ventricular tachycardia (CPVT)
mutant mice to wild type (WT) littermates, we show that whereas peak density
of ICaL and global [Ca
2þ]i transient are not modified, RyR2
R4496C myocytes
demonstrated a significantly lower ICaL density at 30 and 20 mV. This de-
crease is the consequence of a depolarizing shift in steady-state activation and
a hyperpolarizing shift of steady-state inactivation that result in a decreased
window current. These differences are eliminated in presence of fast the
Ca2þ buffer BAPTA and by depleting the sarcoplasmic reticulum (SR) with
thapsigargin, pointing out to a local control by the observed increase in Ca2þ
spark occurrence at low voltages in CPVT mice. Somewhat surprisingly,
CaM antagonists did not have any effect on CPVT cells but altered the inacti-
vation and activation curves in the WT cells to make these similar to the CPVT.
Our data echo the retrograde coupling of RyR and L-type Ca2þ channel ob-
served in skeletal muscle, representing a novel mechanism to counteract exces-
sive SR Ca2þ leak and to preserve CPVT mice from arrhythmic trigger activity
such as early afterdepolarization due to enhancement of ICaL window current.
3098-Pos Board B203
Glucose Inhibits Glucagon Secretion from Pancreatic Alpha-Cells by
Closure of KATP-Channels
Quan Zhang, Reshma Ramracheya, Orit Braha, Patrik Rorsman.
Glucose inhibits glucagon secretion but the mechanisms involved are not
known. We performed whole-cell perforated patch membrane potential record-
ings on alpha-cells in intact mouse pancreatic islets. Alpha-cells are electrically
active at low glucose concentrations (<1 mM) and generate overshooting ac-
tion potentials that peak atþ10 mV. These action potentials result from activa-
tion of voltage-gated Naþþ and A-type Kþ-channels. The most negative
interspike membrane potential is approx. 45 mV. Application of 6 mM glu-
cose reversibly depolarized the alpha-cell by approx. 5 mV and reduced peak
voltage of the action potentials by up to 15 mV. We estimated the impact
572a Wednesday, March 9, 2011this decrease in action potential amplitude on alpha-cell exocytosis by capaci-
tance measurements of depolarization-evoked exocytosis. We found that exo-
cytosis is reduced by approx. 7% for every mV reduction of spike height.
Thus, the glucose-induced reduction of spike height is sufficient to account
for the 70-80% inhibition of glucagon secretion measured biochemically. We
also measured alpha-cell electrical activity elicited by current injection and
found that small depolarizations above the normal interspike voltage mimic
the effects of glucose on action potential height. In parallel measurements of
glucagon secretion, the inhibitory effect of glucose could be mimicked by tol-
butamide (a blocker of KATP-channels) and antagonized by diazoxide (an acti-
vator of KATP-channels). We conclude that glucose inhibition of glucagon
secretion involves closure of plasmalemmal KATP-channels. The resulting
membrane depolarization leads to voltage-dependent inactivation of the ion
channels involved in action potential firing and a lowered action potential am-
plitude. This culminates in reduced activation of the N-type Ca2þ-channels me-
diating the Ca2þ entry required to trigger exocytosis of the glucagon-containing
secretory vesicles. Thus, alpha-cells provide an example where reduced
Kþ-conductance is associated with lowered rather than increased (as seen in
most other cell types) membrane excitability.Channel Regulation & Modulation II
3099-Pos Board B204
Tmem16a Ca2D Activated Chloride Channels in Sensory Neurons can
Discriminate between Different Intracellular Ca2D Sources
Xin Jin, Hailin Zhang, Nikita Gamper.
Proteins of Tmem16 (anoctamin) family are the candidate subunits for Ca2þ-
activated Cl- channels (CaCC). Both Tmem16a expression and CaCC currents
were reported in small (predominantly nociceptive) sensory neurons from dor-
sal root ganglia (DRG). In contrast to CNS neurons, nociceptors accumulate
high intracellular Cl- concentration and thus activation of CaCC in these neu-
rons was shown to be excitatory and to contribute to the inflammatory nocicep-
tive responses. We show that CaCC in nociceptors is activated by the release of
Ca2þ from the IP3-sensitive intracellular stores in response to bradykinin (BK;
44/47 responsive neurons) or proteases (through PAR-2 receptors; 8/12 respon-
sive neurons). This current was attenuated by 48% by siRNA knock-down of
the Tmem16a (n=7). Interestingly, while in the majority of small DRG neurons
CACC was induced by Ca2þ release from the stores, only in 12/58 neurons
CaCC was activated by the Ca2þ influx through the voltage-gated Ca2þ chan-
nels triggered by the voltage pulse. Chelating intracellular Ca2þ with the slow
Ca2þ buffer EGTA did not affect CaCC activation by PAR2-AP (5/7 respon-
sive neurons) while the fast buffer BAPTA abolished such activation (1/9
responsive neurons) suggesting a close proximity of the Ca2þ release sites
and CaCC. Acute treatment of DRG neurons with lipid raft disrupting agent
methyl-beta-cyclodextrin (MBCD) partially restored coupling of CaCC
to VGCC but disrupted coupling with the intracellular stores. Thus, after
the MBCD treatment activation of VGCC by voltage pulse induced
106.5551.4 pA CaCC currents in 17/25 neurons while BK and PAR2-AP
failed to induce measurable CaCC in 4 and 8 tested neurons respectively
(PAR2-AP induced 100520 pA CaCC in 9/13 MBCD-untreated neurons).
Or data suggest that Tmem16a/CaCC channels in small DRG neurons are func-
tionally coupled to the IP3-sensitive Ca2þ stores.
3100-Pos Board B205
Cardiac Background Potassium Channels Change ion Selectivity and
Conduct Inward Leak Sodium Currents in Hypokalemia
Liqun Ma, Xuexing Zhang, Haijun Chen.
Hypokalemia refers to lower-than-normal blood potassium (Kþ) levels, which
often result in cardiac arrhythmias. In lowered extracellular Kþ concentrations
([Kþ]o) under hypokalemia, the resting membrane potential of human cardio-
myocytes can paradoxically depolarize inconsistent with the Nernst equation.
Such a well-known paradoxical depolarization is the key to understanding the-
pathological mechanism of hypokalemia-induced cardiac arrhythmias. An in-
ward leak sodium (Naþ) current was implied to cause cardiac paradoxical
depolarization, but its molecular mechanism is not yet understood. Background
Kþ channels primarily maintain normal cardiac resting membrane potentials at
around 80 mV, close to the Kþ equilibrium potential. A fundamental charac-
teristic of Kþ channels, the ion selectivity, is generally considered to be static
and independent of physiological regulation. None of over 80 mammalian Kþ
channels shows dynamic ion selectivity in response to physiological or patho-
logical stimuli, but several voltage-gated Kþ channels conduct Naþ currentsin the absence of intracellular Kþ, implying that the selectivity filter of Kþ
channels can be dynamic. Here we show that 1) a cardiac background Kþ chan-
nel exhibits dynamic ion selectivity, becomes permeable to Naþ, and conducts
inward leak Naþ currents in hypokalemia or lowered [Kþ]o; 2) a specific resi-
due within the selectivity filter determines dynamic ion selectivity of the Kþ
channels; 3) in lowered [Kþ]o, over-expression of the K
þ channels results in
acquired paradoxical depolarization in mouse HL-1 cardiomyocytes and in-
hibits hyperpolarization in rat primary hippocampal neurons, and knock-
down of the Kþ channels eliminates paradoxical depolarization in human pri-
mary cardiomyocytes. These findings demonstrate that ion selectivity of the Kþ
channels is regulated by a pathological stimulus, elucidate a molecular basis of
inward leak Naþ currents that may contribute to hypokalemia-induced cardiac
paradoxical depolarization, and indicate a novel mechanism that regulates po-
tentially cardiac excitability.Cardiac Electrophysiology II
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Pharmacological IKs Activation Slows Cardiac Conduction and Exacer-
bates the Effect of INa Blockade
Rengasayee Veeraraghavan, Anders Peter Larsen, Steven Poelzing.
Background: The Kv7.1 channel underlies the IKs current and plays a key role
in cardiac repolarization. Loss of IKs function can lead to the type 1 long QT
syndrome (LQT1). The Kv7.1 activator R-L3 has been suggested as a potential
antiarrhythmic therapy in LQT1. Having previously demonstrated that other
Kþ currents can modulate cardiac conduction, we tested here the effects of
pharmacological IKs activation on cardiac conduction and its dependence on
the sodium current (INa).
Methods and Results: Conduction velocity (CV) was quantified by optical map-
ping during LV or RV pacing. Under control conditions transverse CV (CVT)
was significantly greater (1551 %, p<0.05) in RV than LV with no difference
in longitudinal CV (CVL) between ventricles. During partial blockade of INa
(flecainide, 1 mM), RV CVT decreased by 3655 % while LV CVT decreased
by 2455 %. These data demonstrate greater RV conduction dependence on so-
dium channel availability. Partial IKs blockade by R-L3 (10 mM) significantly
decreased both CVT (by 1554 % in RV & 852 % in LV) and CVL (by
1152% in RV & 651 % in LV) relative to control. Further, R-L3 exacerbated
the effects of INa blockade: 1 mM flecainide now decreased CVT by 4553%
and 2854% in RV and LV respectively.
Conclusion: Pharmacological IKs activation by R-L3 slows cardiac conduction
and shifts the conduction velocity - INa relationship downward. These findings
may have significant implications for the use of Kv7.1 activator as antiarrhyth-
mic drugs.
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Evidence for Functional SK Channels in Isolated Atrial Myocytes
Jane M. Hancock, Andrew F. James, Jules C. Hancox, Neil V. Marrion.
Atrial fibrillation (AF) is the most common sustained arrhythmia and contrib-
utes to cardiac morbidity and mortality. Extension of the atrial effective refrac-
tory period through the block of cardiac potassium channels is a therapeutic
strategy for the prevention of re-entrant arrhythmias and AF. However,
many conventional potassium channel blockers carry an increased risk of
potentially lethal ventricular arrhythmias such as torsades de pointes. Atrial
selective compounds may offer attractive therapeutic alternatives. Small-
conductance calcium-activated potassium (SK) channels have recently been
suggested as a promising atrial selective target for the treatment of AF.
Although there is growing evidence for SK channel expression in the mamma-
lian heart, there is little consensus concerning SK function and it is possible
that species differences may contribute to the controversy. We have investi-
gated the expression and function of SK channels in atrial myocytes from
mouse and rabbit. Immunocytochemistry using confocal microscopy showed
the presence of SK2 protein in mouse atrial myocytes, with clear localization
of staining along the z-lines. Whole-cell voltage clamp recordings from mouse
and rabbit atrial myocytes, using a pipette solution with limited Ca2þ buffering
capacity, revealed the presence of apamin-sensitive currents positive to
30 mV. In mouse cells, the apamin-sensitive difference currents slowly
decayed during the sustained depolarization. In contrast, a rapidly decaying
apamin-sensitive current that inactivated within 50 ms was observed in
a proportion of rabbit atrial myocytes . These data suggest that both mouse
and rabbit atrial myocytes exhibit functional SK channels, with the presence
of SK2 protein confirmed in mouse cells. The apparent kinetic differences
